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commencement of the British nuclear programme in World War II, went further than most boys with explosive weapons. He had been delighted by a gift of brass cannon from his father's friend, J. H. Poynting, F.R.S., Professor of Physics at Birmingham, and he cast some for himself with the help of W. G. Pye, the head of the Cavendish Laboratory workshop. He made live cartridges, too, and found many years later that one of them was in good explosive order.
T r in it y a n d C orpus C h r isti
In October 1910, he entered Trinity College as a Scholar, as his father had done and as his two sons were later to do. His self-confidence was shown at the first meeting with his Director of Studies, who advised him to go to the lectures of G. H. Hardy. He demurred and was told drily that if he did not go to hear the greatest mathematician of the day he would later regret it-as indeed he did.
G. P. gained first class honours and a 'B star' in mathematics after two years, and a first in physics in his third year. His autobiography acknowledges the advantages he had at this stage, not only from his father's teaching but by the head-start of attending Dr Alex Wood's first-year lectures while still at school. He also notes that C. T. R. Wilson's lectures were bad, but that in practical teaching Wilson had the good method of going through the plan of an experi ment with the student and then leaving him entirely to his own resources.
Wilson's influence on physics was greater than is often appreciated; he is remembered as the inventor and the patient developer of the cloud-chamber, but his deep understanding of principles was communicated to younger men, particularly in connection with the properties of waves. The classic innovations of W. L. Bragg and E. V. Appleton were in the tradition of this understanding, which Rayleigh's brief tenure of the Cavendish professorship had first implanted. G. P.'s alertness to the possibility of electron waves was, he has recorded, partly due to an idea of Bragg's that had remained in his mind.
Thomson had become a Major Scholar of Trinity in 1911 and, with this status continuing after graduation, he started research in the Cavendish under his father's supervision, working on radicals such as CH and CH2 produced as positive rays in discharge tubes. He also did theoretical work on the stability of aeroplanes in circular flight which, together with work done at Farnborough later, won him the Smith Prize in 1916. In 1914 he was elected Fellow and Mathematical Lecturer of Corpus Christi College, Cambridge-positions that he held until 1922 though he was absent on war service from 1914 to 1919 .
The Fellows of the College, he wrote, 'were mostly Conservatives, so I had to pretend to be a Liberal'. He never engaged in party politics and his private attitude to public affairs, as to literature and above all to people, was based on respect for good performance. He had little sympathy with those who did not perform well; a quotation from his autobiography, and another from memory of a tea-time conversation during the Japanese invasion of China will epitomize this.
'Failure by incompetence is a horrible thing; it happens often and is a pressing danger; no representation of it can give me any aesthetic pleasure.' In 1922, Thomson was appointed Professor of Natural Philosophy in the University of Aberdeen, where he met and married Kathleen, daughter of Sir George Adam Smith, then Principal of the University. The marriage brought them great happiness until Kathleen Thomson died in 1941, leaving four children: John, David, Clare and two-year-old Rose, whom he cared for devotedly.
John married the daughter of an American college president; David continued the Paget tradition of academic unions even more closely by marrying Patience Bragg, daughter of Sir Lawrence Bragg, his father's close friend and his grand father's successor (Rutherford intervening) in the Cavendish Chair of Experi mental Physics.
Aberdeen was the scene of G. P.'s greatest contribution to pure physics. He was continuing some experimental work on positive rays, but realizing that his apparatus could be quickly adapted to search for diffraction patterns with electrons, he clinched simply and in a few months what C. J. Davisson of the Bell Research Laboratories in New York had just established after several years of superbly executed experimentation and difficult though in the end convincing interpretation.
Publication of this work took the normal course of letters to Nature followed by substantial papers in the Royal Society's Proceedings as the technique was improved and applied in various ways. The following account, however, is based on Thomson's own description given over the perspective of forty years in a lecture to the Institute of Physics and the Physical Society at Glasgow in 1967. The text, published in Contemporary p h y s i c , is a fascinat history of physics as well as an illuminating example of G. P.'s ways of thought, work and writing.
He describes Davisson's early experiments with C. H. Kunsman on the scattering of low-energy electrons by a target of polycrystalline nickel, in which they found more electrons to be scattered through about 70° than at other angles. Using classical theory of scattering by electron distributions in single atoms, they could explain their results by supposing the 28 electrons of nickel to be arranged in two shells. In 1923, Davisson and Kunsman obtained peaks from a platinum target.
Next there follows Davisson's own summary of the famous accident of 1925 when the target was oxidized by an inrush of air and was given prolonged heating to restore its surface. The angular distribution of scattered electrons was now different because the originally polycrystalline surface contained only a few large single crystals. Also in 1925, Elsasser had suggested that evidence for the wave nature of electrons could be found by studying their interactions with crystals and had instanced Davisson and Kunsman's work with platinum as a possible example.
Davisson and Thomson were both present at the meeting of the British Association for the Advancement of Science at Oxford in September 1926. Davisson certainly discussed his findings with Born and Hartree, and probably also with Blackett and Franck. After these discussions, Davisson spent all his time on the voyage back to New York studying Schrodinger's papers on wave mechanics. He calculated the angles of the principal beams on the supposition that they were diffraction peaks from the two-dimensional ray of atoms in the crystal surface. He and L. H. Germer looked for these beams but did not at first find them. In January 1927, after a more thorough search, they got strong beams corresponding in their relative angles to this assumption. The actual angles were different, which could be ascribed to a change of layer-separation near the surface or to a refractive index of the metal for electron waves.
With the above background, G. P.'s own account is now given* to the stage where his experiments with A. Reid had given conclusive results.
'I also attended the Oxford meeting but did not, I think, meet Davisson; certainly I did not discuss his experiments with him. There was, however, a good deal of talk about de Broglie. If Elsasser's name was mentioned I took no note of it and did not read his paper till years later, but it may have influenced people with whom I talked. On the way back I saw Dymond in Cambridge who was working on the scattering of electrons by helium. He had got some curves which might have been some sort of diffraction and we discussed de Broglie. He sent a note this time to Nature (1926) on results he had got a little before in Princeton; what he showed me was probably the same. Afterwards it occurred to me that if there was anything in this pos sibility-and I thought there was-it would be easier to do with solids and remembered the Young's "eriometer" experiments I had done as an undergraduate in C. T. R. Wilson's laboratory. This worked with textile fibres and ordinary light, so organic molecules and waves of 10~9 cm seemed reasonable, which would allow one to use ordinary cathode rays, much easier to handle than Dymond's 100-volt electrons. Indeed Dymond later had unfortunately to withdraw these early results as erroneous. In fact, helium shows no striking effects as a scatterer of electrons in the range of energy used. He, like Elsasser, had been influenced by Davisson and Kunsman's paper.
'It happened that one of the students working at Aberdeen on the problem of the scattering of positive rays had an apparatus which could be used for the purpose, with hardly more alteration than changing the polarity of the discharge, which came from an induction coil. So I asked Alexander Reid to try the experiment, using thin films of celluloid.
'Almost at once Reid got photographs apparently showing diffuse halos. I was a little sceptical, as photographs of scattered positive rays which we had been working on had apparently shown sharp edges which on examina tion merely turned out to be contrast effects.* However, the photometer confirmed the reality of the electronic halos. They were what one might expect from molecules of definite size oriented at random, and the diameter varied with the energy of the electrons in the way to be expected on the de Broglie formula. The size was also about what one would expect for a long-chain carbon compound, but that of course was only rough. We published a note in Nature under our joint names in June 1927, two or three months after Davisson and Germer's first publication. The structure of celluloid was then unknown, and for a proper test it was necessary to use crystal diffraction by a known lattice. Now metals suggested themselves; their structure was well known and simple, but this was before the tech niques of sputtering and evaporation for making very thin films had been developed, or at least before I knew how to do it. The films which I used, this time working by myself, were of aluminium, gold and platinum, and were prepared by the chief mechanic of the laboratory, the late Mr C. G. Fraser, to whom the success of the experiment is entirely owing, because this is the difficult part. He was a mechanic of the old school; he had been trained as a watchmaker, and he had that astonishing gift (which later came out) of being able to produce a complicated and perfectly working piece of apparatus after one had just talked to him and made some scribbles on dirty pieces of paper on his bench.* Those of you who have had the immense good fortune to work with such a man will know that, whatever may be true of wives, the price of such mechanics is above rubies.
'The first films we tested were of aluminium, then of gold, and both gave rings which agreed quantitatively and qualitatively with the theoretical expectation for a face-centred cubic lattice of side about 4.06 A. Later we used platinum.
'These three metals all agreed in detail with the predictions of de Broglie. That is to say, the rings were all of the right sizes, both in relative size as agreeing with the structure of the metal and varying with the electron energy as they ought and in absolute size as calculated from de Broglie's formula. I published a note in Nature in December 1927 on the platinum ones, and the Royal Society paper on the experiments with gold and aluminium appeared in February 1928-it was two or three months later than Davisson and Germer's paper which appeared in the Physical Review late in 1927. The objection was raised to these experiments that they might in some way (it was not indeed explained how) be connected with the production of Bremsstrahlen, that is X-rays, by the collision of the electrons with the films. I was able to disprove this in a second paper by deflecting the electrons after they had passed through the films and before they had reached the photographic plate. I simply put on a magnetic field and showed (as indeed I had observed qualitatively before) that the electrons which formed the rings (the diffraction electrons as I called them) were equally bent with the quite numerous electrons that had gone through holes in the film which, although carefully made, was so heavily pitted with holes that nine-tenths of the electrons went straight through. That disposed of the view that they could be due to X-rays, which would not, of course, have deflected.' Though Thomson goes on to describe later experiments by himself and by others, this account can best be closed with two epitomizing paragraphs:
'I think that the real genius of de Broglie comes from his acceptance of the waves as a concomitant of all particles. It would have been so easy to keep the idea just to the bodies in which he was originally interested, namely quanta of radiation. Then he would only have had another of the devices for getting over the radiation paradox and one which required the somewhat unsatisfactory postulate of a non-zero rest-mass for these entities.
'If one compares the two sets of experiments it is clear that those of Davisson and Germer were great triumphs of experimentation, among the greatest ever made. Those at Aberdeen were singularly simple and easy, the only serious difficulty being to prepare good specimens. It is not hard to see the reason for this difference. Davisson had discovered an effect which he thought might be important in a particular way. He had to study this effect more or less as he had found it. If he did a wholly different experiment it would neither prove nor disprove this explanation of what he had found. I was trying to confirm the truth (or otherwise) of an idea based on a very general theory and was entitled to try the easiest experiment which could reasonably be expected to do so. ' I m per ia l C o ll e g e : electrons a n d n e u t r o n s In 1930 , the year of his election to the Royal Society, Thomson was appointed to succeed H. L. Callendar, F.R.S., as Professor of Physics at Imperial College, London. The department of which he now became head was a much larger one and included what were effectively sub-departments such as the distinguished spectroscopic research group under Alfred Fowler, F.R.S., and the remarkable Technical Optics section led by L. H. Martin, which gave formal postgraduate teaching at a time when this was almost unknown in British universities and maintained, as it still does, strong links with the optical industry.
In his early years at the College, and with a view to broadening the scope of Martin's group, G. P. interested himself in electron microscopy, recently invented by Ruska in Germany and substantially improved by Marton in Belgium.
He had already taken keen interest in a 60 kV cathode-ray oscillograph developed in the Trafford Park research department of Metropolitan-Vickers Limited, where Charles McKerrow (assistant to the Director, A. P. M. Fleming, F.R.S.) was an old friend of his. He naturally turned there for a high-voltage electron microscope, and the first 'EM 1' was built with the aid of a grant to Martin from the Royal Society. Thomson did not continue with electron microscopes, but he had instigated British industrial involvement in their development.
Thomson knew how to leave well alone and though Fowler retired very soon after his arrival, he allowed the spectroscopy group to continue under its own momentum until young blood became strong. Before G. P.'s death, two spectroscopists from among his first Imperial College undergraduates had been elected into the Society-A. G. Gaydon and W. R. S. Garton. So also had one of the research students of those days, the late S. Tolansky.
Always positive in making up his mind about people, though never without first-hand evidence, Thomson soon decided that there was dead wood in some of his department's teaching and research. With a comparatively large staff, Thomson did not feel the need to do much teaching himself but took care to find out unobtrusively what was being done in the classes. He did not hesitate to have things changed but when changes had been decided he left their implementation fully in the hands of the staff members concerned. He had brought only one research worker directly from Aberdeen, and another by way of MetropolitanVickers Ltd, but, within a year or two, staff changes began to take their effect and the College's power of attracting first-rate undergraduates, who could take their degree examination after only two years and spend the third on research, gave him an enviable flow of young talent. By 1934 there were a good handful of electron diffraction experiments in progress, mostly undertaken by individual students or staff members. Thomson's daily round of visits to them was, if not timetabled, almost as regular as clockwork.
The projects included studies of the nature of polish on metals as well as fundamental work such as diffraction by single crystals and by what in X-ray crystallography would be called 'forbidden planes'.
High-voltage electron diffraction was at this stage the best way of studying the asperities of a nominally flat surface, responding as it does to tens or hundreds of atomic layers as compared with the two or three that were effective in Davisson's low-voltage work. Transmission through thin films was for such investigations replaced by reflection at various angles from the surfaces of bulk materials; G. P. liked to regard the patterns as due to transmission through the asperities and thus as reflections from the Bragg planes that lay more or less parallel to the bulk surface.
These important clarifications of the role of the technique appeared in various papers about particular investigations but a good conspectus of the state of the art as developed by Thomson was given in a short monograph by his student R. Beeching, whose later distinction in industry and in public service gave him much satisfaction, and a definitive account was provided by Thomson and W. Cochrane in their textbook Theory and practice of electron diffraction.
The work in Thomson's own department relied rather long upon the dis charge tube as the source of the electron beam, but G. I. Finch, Professor of Chemical Engineering at the College, acquired some of G. P.'s students (notably H. Wilman) with whom he much improved the technique, using well collimated beams from a thermionic cathode. The precision of their results and the beauty of the pictures of rings and spots were little short of those obtained with X-rays. Their output of work in the 1930s was impressive, but Thomson preferred not to compete in the study of many different substances; also his interests were moving towards nuclear physics, which was being transformed by the discovery of positrons, neutrons and artificial radioactivity.
He looked with J. A. Saxton for radioactivity produced by positron bombard ment; this was not thought likely but he always believed in testing improbable happenings if the tests were reasonably easy and quick, and he devised an apparatus for separating positrons from negative beta-rays, using their oppositely handed helical paths in a longitudinal magnetic field. This piece of equipment began a chain of events leading to developments in neutron physics which put Thomson in a good position for rapid action, scientifically and politically, at the time when the possibility of nuclear weapons emerged. P. B. Moon had been making slow progress in an attempt to build a simple low-voltage electron diffraction camera, and Thomson rescued him from a probable blind alley by passing the positron apparatus over to him ; little more than a Geiger-Muller counter was required for trying it out. Just at that time, news came from Rome of the artificial radioactivity produced in most elements by neutron bombardment, followed by the observation that the yield was often increased by neighbouring hydrogen-containing material. Fermi and his colleagues correctly ascribed that increase to the slowing of the neutrons by multiple collisions, possibly down to thermal velocities. They had not, however, been able to find any change of yield when a typical slowing-down material (a liquid paraffin) was heated.
These experiments were extremely simple, needing no more than a source of neutrons, the specimen and a Geiger-Miiller counter. Moon, who was about to make a counter for G. P.'s positron equipment and had previously published a note on the possible existence of thermal neutrons, suggested repeating Fermi's experiment with a greater bulk of slowing-down material and a larger tempera ture difference. Thomson agreed and asked J. R. Tillman, who had just taken his B.Sc. examination, to join in the work. The result was again negative.
Knowing that the average speed of diffusing particles can be got from their coefficient of diffusion and their mean free path, Moon and Tillman then undertook, with G. P.'s enthusiastic support, experiments that proved to be hilarious but unsuccessful for measuring the diffusion through water of 'slow' neutrons-defined for lack of better knowledge as those causing strong activation in many elements, among which silver and iodine were chosen for convenience. The first tests involved towing a strong radon-beryllium source and a bottle of potassium iodide solution behind a rowing-boat in the Serpentine. The radio active yield, with a fixed distance between the source and the detector, should be affected by their joint movement with respect to the surrounding water. In the second attempt, the source and a silver-foil detector were mounted on a bicycle wheel driven at dangerously high speed between two tanks of water. Neither experiment gave any indication of measurable times of diffusion.
After these efforts it seemed a pity to drop the work without one more trial of the effect of changing the 'temperature' of the neutrons, and Moon argued that cooling could give a bigger fractional change of absolute temperature than the heating that had previously been used. Thomson, who was leaving for a spell of convalescence abroad after a serious illness, agreed on condition that this should be the last attempt and, if it showed nothing, Moon and Tillman would publish their negative results. Accordingly a hollow cylinder of wax was cast inside a Dewar flask and cooled with liquid oxygen which was decanted before irradiating the specimen inside the wax with 'slow' neutrons from outside. This not only showed a definite increase of activity with 'cold' neutrons, but one that varied with the target element. Such a variation cast doubt on Fermi's belief that the low-energy absorption cross-section must always vary inversely with neutron velocity; in other words, be proportional to the probability-density of the neutron wave at the nucleus.
Moon and Tillman submitted their first positive results in a letter to Nature without waiting for Thomson's return; the journal delayed publication and gave priority to a report of low-temperature experiments by McLennan of Toronto that had shown no effect. It was a measure of Thomson's relationship with his young men that he only said, 'Are you sure you are right ?' and on being told 'Yes' did not ask for a demonstration before being ready to discuss what ought to be done next.
After showing definitely that the absorption of slow neutrons was in large part selective (a phenomenon that Fermi's group soon investigated much more elegantly), Moon's proposal was to measure slow-neutron velocity-distributions and absorption coefficients by the then novel time-of-flight method. Thomson devoted what must have been the bulk of his departmental equipment money to obtaining a high-voltage set from Metropolitan-Vickers Ltd, engaged one of their technical staff to erect and operate it, and used his great experience of discharge tubes to obtain a good beam of deuterons for bombarding a target of 'heavy ice'. The beam was pulsed so that the D-D reaction (to which Thomson's thoughts were to turn again ten years later) gave bursts of neutrons for slowing down in paraffin. With C. E. Wynn-Williams as electronics expert and the late G. E. F. Fertel as the ingenious provider of many other parts of the apparatus, the velocity spectrum over the 'thermal' range was obtained in good, if rough, agreement with a Maxwellian distribution.
Unsuspected deterioration of an anti-scatter screen vitiated later use of the equipment for measuring absorption coefficients as functions of neutron velocity. Thomson was less secure on the details than on the principles of experiments, and by the time the discrepancies became noticeable, war was approaching and he was deeply concerned about the uranium chain reaction, already thought to be a possibility.
U r a n iu m a n d t h e M a u d C o m m it t e e : W orld W ar II That possibility appeared stronger in the spring of 1939 when various workers showed experimentally that the fission of a uranium nucleus was accompanied by the emission of several neutrons. The first publication of this was in Nature by Halban, Joliot and Kowarski; the issue of 18 March contained their letter from Paris describing the observation of fission neutrons, but the crucial communica tion appeared on 22 April and gave their estimate of 3.5 + 0.7 neutrons per fission. G. P.'s own experiments with J. L. Michiels and G. Parry wrere just being finished and led to a similar conclusion. So large a neutron yield-an overestimate, it turned out-gave substantial room for various losses of neutrons while still allowing a net gain and therefore a divergent chain reaction.
Thomson acted at once; his autobiography has this to say:
'The military possibilities were sufficiently obvious to make me ask Tizard, both as Rector of Imperial College and as Chairman of the Com mittee for the Scientific Study of Air Defence, if we ought not to do something about it. He arranged for me to meet Air Marshal Sir Wilfred Freeman, then the member of the Air Council concerned with weapons. I shall never forget this meeting; I was so ashamed of putting forward a proposal apparently so absurd. .. . However, Freeman and Tizard both heard me out with composure and agreed to my request for a ton of uranium oxide to make experiments at Imperial College. This uranium oxide was, I believe, the first expense incurred by any government for nuclear fission.'
He had, however, also started the ball rolling by another route, as is described in the official history-Britain and atomic energy [1939] [1940] [1941] [1942] [1943] [1944] [1945] Thomson wanted the ton of uranium oxide for laboratory tests of the pos sibility of a chain reaction, but the greater urgency in his mind was to lay British hands, and deny the laying of German hands, on stocks of refined oxide for which there was only a tiny market.
Tizard agreed, even though he rated the chance of a uranium weapon at something like one in a hundred thousand. Enquiries were made at high level about material from the Belgian Congo, but Thomson's needs were in fact met from existing commercial stocks.
The oxide was in wooden boxes and these, with blocks of paraffin wax given by a firm of candlemakers, could make a 'pile'. An iron sphere was used to contain the oxide when it was to be mixed with water. A neutron source and a boron trifluoride detector completed the simple set-up. The source, like those used for the earlier neutron physics work, was a tiny glass ampoule containing beryllium powder into which radon was introduced before it was sealed off. The beryllium was powdered at the College in an open mortar (a procedure then not known to be hazardous) and the radon was provided by Professor S. Russ of the Middlesex Hospital.
Quite independently of Fermi and Szilard as well as of French experimenters, Thomson had realized the advantage of sizeable blocks of slowing-down material in which the velocity could pass through regions where 238U would absorb but not multiply the neutron flux. Nevertheless, the main measurements were made on what would now be called the homogeneous system with water as the modera tor* They could have been literally messy, for uranium oxide and water form an unpleasant thixotropic mud. In fact, they were done tidily and well, mostly by J. L. Michiels, although Moon took some part in the measurements, having been lent back to Thomson by Oliphant whom he had joined in Birmingham towards the end of the time-of-flight measurements of neutron velocities.
The amount of water was cautiously increased while the neutron flux was monitored with the detector at a fixed distance from the source, which was at the centre of the sphere. The multiplication of neutrons showed no sign of approaching the threshold of a self-sustaining reaction, and Thomson felt satisfied that it could not be attained with natural U3Os. Metallic uranium (superior in physical density as well as freedom from oxygen) would at least be required, and very probably isotopic separation of 236U ; even the former of these requirements would clearly entail much time and large-scale effort.
G. P. had assured himself that nobody could get a chain reaction easily and quickly, and that was enough. He terminated the measurements, on which a report for the Air Ministry was prepared with no particular urgency, and gave his main attention to duties for which he had been appointed at the Royal Aircraft Establishment, Farnborough-his main base in World War I.
Yet by April 1940, when the report was actually submitted, Thomson was again in rapid action on the uranium front, forming and steering the 'Maud' Committee* that was the vital link among scientists, and between scientists and the British Government, when the path to nuclear weaponry was opened.
He had remained impressed by the vast release of energy and the high temperature probably achievable through the slow neutron chain reaction, and was talking privately about a super-searchlight as well as long-term civil applications. These ideas were necessarily vague, not quantifiable because nuclear and other data were at best uncertain and in some instances unknown. Late in March, he had received through Oliphant a memorandum from O. R. Frisch and R. E. Peierls about a 'super-bomb' using 235U, in which the chain reaction would be developed by fast neutrons. It was convincing on matters of physics, clear in pointing to the technological requirements, and it was quantitative.
The slow-neutron chain depended on many parameters including the number of neutrons released by fission, the absorption and scattering cross-sections of uranium and of whatever moderator was chosen, all over a wide range of neutron energy, and of course the geometrical arrangement. The fast-fission bomb depended in essence only on the neutron yield and the scattering and absorption cross-sections of 235U for fast neutrons, and Frisch and Peierls correctly foresaw that nearly every fast neutron captured by a 235U nucleus would cause fission, so the calculation was relatively simple. A sufficient mass of 235U, quickly assembled from two or more parts, would explode in so short a time that much of the nuclear energy would be released before the material moved apart. The critical radius of a 235U sphere would be roughly equal to the mean free path of a neutron in the metal, corresponding to a critical mass of the order of a kilogram.
* So called from the words Maud Ray Kent in a telegram from Niels Bohr when the Germans entered Denmark, wrongly surmised to be a code for deciphering.
Apart from the problem of rapid assembly, the main technological require ment-separated 235U in metallic form-was one to which his slow-neutron venture had already attuned Thomson's mind, and he was well placed by his Air Ministry connection and through personal acquaintance to secure the urgent attention that the memorandum obviously required.
G. P. discussed the matter with Chadwick, Cockcroft and Oliphant, who were effectively the first members of the Maud Committee, though the present writer was a junior member at its earlier meetings which were largely concerned with slow-neutron developments, particularly those in France whence Allier came with the news that he had secured the Norwegian stock of heavy water before the German invasion. Chadwick himself had believed in the possibility of a fastneutron chain reaction and recognized the great importance of making good experimental measurements of nuclear cross-sections and fission yields. Oliphant interested Sir Norman Haworth, his close colleague in Birmingham, in the chemical problems of making pure metallic uranium and its gaseous hexa fluoride; Haworth, Blackett and Ellis, with Akers of Imperial Chemical Industries Ltd, soon became members of the Committee. Professor Gowing's book contains a full account of the Committee's work and a very proper though not explicit appreciation of Thomson's personal success in controlling its affairs. They were complex and are not easy to summarize, so what follows is of the nature of marginal comment on the problems he had to overcome.
He had not long recovered from illness, the Committee was an addition to other duties, and at first he was secretary as well as chairman. His work with neutrons had not given him real depth of nuclear knowledge; this did not matter if Chadwick was there, but Chadwick was often in poor health and always reluctant to attend meetings. Peierls was of German origin and Frisch was born Austrian, though at the time he was a German subject; security regulations forbade them to be officially involved, even in discussing their own proposal. Embarrassment was inevitable yet serious friction had to be avoided, and in this Oliphant played an invaluable part. Peierls was his trusted colleague, Frisch a welcome guest in his laboratory, and Oliphant was ready to ignore regulations in the interest of progress. For example, when Moon queried the assumption, generally current and adopted by Frisch and Peierls, that thermal diffusion was the only practicable method for large-scale isotope separation, the Committee was not interested, but back in Birmingham Oliphant told him to consult Peierls. Within a week or two, Peierls identified ordinary diffusion as a logically superior process and wrote directly to Thomson on the matter. Again, when the Committee felt inhibited from calling upon another ex-German, Simon, for advice on details of diffusion, Oliphant authorized Peierls to visit him in Oxford. There, Peierls also spoke with F. A. Lindemann who, as Lord Cherwell and as Winston Churchill's personal scientific adviser, gave later support to the project. The organization was not formalized until March 1941, when terms of reference under the Ministry of Aircraft Production were given to a Policy Committee including Simon and a Technical Committee including Frisch and Peierls; but by then most of the work had been done. Nuclear measurements, mostly at Liverpool, and further calculations had confirmed the optimum mass to be a few kilograms of 235U ; Simon's team at Oxford had established the practicability of large-scale isotope separation, Thomson having contributed by suggesting ways of making the grids of tiny holes and by arranging measurements of the coefficient of diffusion for the hexafluoride made by the Birmingham chemists under Haworth. MetropolitanYickers Ltd and I.C.I. were confident of the construction and operation of diffusion plant on the required scale, and armaments experts foresaw no difficulty with the 'gun' that would fire the two halves of the bomb into contact.
Thomson drafted a report at the end of June and hoped the Committee would approve it within a matter of days. Chadwick, always insistent upon thorough ness, did a good deal of redrafting, and two separate reports, one on the bomb and one on uranium as a source of power, reached the Ministry on 29 July.
G. P. then made a characteristic time-saving move. He asked Spens and then the Ministry's Director of Scientific Research, D. R. Pye, about the presentation of the bomb report to the War Cabinet, and it was agreed to send an advance copy to its secretary, Lord Hankey. Lindemann, who had known Thomson since their early days at Farnborough, was also informed; he sent a message to the Prime Minister with a copy to Hankey. Thus, as with G. P.'s first uranium venture, two routes led to the proper destination.
The subsequent history of nuclear weapons is not for this memoir. Thomson was bearing yet another burden-the increasing illness of his wife who was in America with their children; Chadwick took over from him the task of presenting the Maud results in detail to Government committees, and G. P. was transferred to Ottawa as Scientific Liaison Officer.
He had initiated, coordinated and brought rapidly to a clear conclusion an operation of great importance; it was very appropriate that his knighthood followed within a year.
G. P. did not remain long in Canada, though long enough to make the important suggestion that the British slow-neutron team should be transferred to that country. He returned to England in 1942, becoming Deputy Chairman of the Radio Board and Scientific Adviser to the Air Ministry. He enjoyed this work, forming an easy relationship with Lord Tedder and an argumentative one with the young R. V. Jones whom he later strongly and successfully supported for the chair of Natural Philosophy at Aberdeen.
N uclear f u s io n a n d cosm ic ray stars
Since the Air Ministry had no direct involvement with nuclear affairs, Thomson's next contribution in that field must be regarded as a fresh start, though in one way or another he may have come to know of the American work on the hydrogen bomb. The basic H-bomb principle was to heat deuterium (or a mixture of deuterium with other substances) in the core of a plutonium bomb to the very high temperature needed for rapid thermonuclear reaction, and it was natural to wonder, as some of those officially informed wondered, whether and how the release of energy from the D-D reaction could be obtained in a controlled way. Thomson's idea involved a ring discharge; with M. Blackman he worked out the theory in considerable detail, and experiments were started in his own laboratory at Imperial College but were later transferred to the Aldermaston Court research laboratory of Associated Electrical Industries Limited.
Professor T. E. Allibone, F.R.S., who was director of the laboratory, has provided the following account of this work and of the friendships that grew out of it.
'One of his father's last papers had concerned the electrodeless discharge; perhaps it was therefore natural for G. P. to think about accelerating electrons to high speeds in an electrodeless torus, deriving energy from a radiofrequency (r.f.) source. He conceived such a discharge in deuterium, with the electrons carrying such a large current that they would be held tightly in an area of small cross-section by the "pinch-effect" forces; the positive ions would be attracted into this same small area by electrostatic forces. Energy fed by r.f. into the discharge would be shared by electrons and ions, and, if they reached 105 eV, fusion of deuterium should occur and the released energy might exceed the radiation loss and the loss of energy by escaping ions and neutrons. He calculated that the positive ions would be held by a field of 106 V between the core of the discharge and the walls of the vessel, so walls made of copper or aluminium would not melt; their temperature would rise to about 500 °C.
'He took out a provisional patent (with M. Blackman, also of Imperial College) in May 1946 covering an electrodeless discharge fed by r.f. power; the "final" specification, marked Secret, is dated April 1947 but was not pub lished until 1959 (817681). He gave me a copy of the final specification, asking me for my opinion on it, and on 7 October of that year I met him with J. D. Cockcroft in the Ministry of Supply to discuss developing the patent; he wanted me to have a contract of the order of £10 000 per annum to make up a tube to his specification. Cockcroft asked me to discuss this with H. W. B. Skinner and K. Fuchs at Harwell, which I did; on 29 October I received a letter from him stating that he did not want me to start work on this idea as Harwell intended to do so. 'G. P. formed a group in college around Ware and Hemmings and some glass toruses were made and fed with r.f. power; they were of about 1 in diameter made up into a circle of about 10 in diameter, and very good progress was made, but as time went on G. P. did not like the idea of a large group working secretly and must have raised once more with Cock croft the suggestion of the A.E.I. Laboratory at Aldermaston doing the work for him. He invited me again to see the work on 7 November 1950 and this time could say that Cockcroft had agreed to my taking the work to Aldermaston. The A.E.I. managing director gave me full support, offering to pay for the whole cost, but Cockcroft had to decline this offer as the A.E.A. had to keep control of the work and therefore had to have financial control; he did not want to control the scientific development in detail.
G. P. did not want to send his work to Harwell where parallel work was now in progress; he thought his ideas would be put on one side, and he also told me he thought the cost at Aldermaston would be far smaller than in a Government laboratory.
'The Imperial College group moved to the A.E.I. laboratory in 1951; a large capacitor bank had been assembled and it was intended to accelerate the electrons by a changing magnetic field threading through the torus though the idea of this was never patented. The glass tubes were a source of weakness and so an all-metal tube was designed with appropriate slots in its walls to prevent short-circuited turns; all later developments of tubes were done with metal designs. G. P. came very frequently and always enlivened the discussion on progress and problems. We worked closely with the group at A.E.R.E. Harwell and he hardly ever missed a meeting; our contributions to the joint work became very considerable. We never had the feeling of being the "poor relation" and his support was a tremendous help in boosting morale.
'After the 1955 Geneva Conference on nuclear energy, secrecy was relaxed and Kurchatov spoke in April 1956 at Harwell on the Russian research. G. P. was present and afterwards we decided to introduce deuterium into the torus; thus far we had only used hydrogen. Kurchatov had reported the emission of neutrons from hot spots in the discharge, arising from gaseous instabilities. Then we heard of the American work at Berkeley and Los Alamos and in November G. P. and the Aldermaston group welcomed the leading U.S. scientists and the whole British group was invited to see the American work. We went in February 1957 and I found it very impressive to see how well G. P., the oldest man present, stood up to the young and vigorous teams of Americans displaying their huge and sophisticated apparatus. We were entertained to dinner at the Brodes' house and there he and I achieved fame by doing all the washing-up which would not go into the machine. He was taken ill on the flight from Albuquerque to Los Alamos in a small biplane, and we were glad the weather was too bad for the return flight. Over lunch in Fisherman's Wharf, San Francisco, I remember having a discussion with him on the after-life; he was convinced that life did not just terminate here on Earth at death, and his faith was firm.
'By the autumn of 1957 it was considered that the gaseous instabilities were well understood and conquered and the A.E.R.E. apparatus Zeta, the American apparatus and ours called Sceptre III were yielding neutrons; efforts were directed to determining electron temperatures. It looked as though the gas was uniformly hot, unlike Kurchatov's. G. P. came to Aldermaston to assess the results and argued with Cockcroft that the work of the three groups should appear in the same issue of Nature, and so the edition of 25th January 1958 carried the three accounts; I tried hard to get G. P.'s permission to add his name to our paper but he was adamant that he had never contributed to the experiments; maybe he had not, but the George Paget Thomson 547 work would not have been done as well if he had not always been there with his masterly touch. We celebrated at a dinner in Reading where G. P. entertained us with many stories of J. J. and wartime experiences; at dinner he was always superb.'
While the fusion experiments were in progress, Thomson had encouraged studies of the mechanism of crystal growth in his college department, but his personal activity turned to the 'stars' observed in photographic emulsions exposed to cosmic rays. The title of his Bakerian Lecture (1948) was 'Nuclear explosions' and this was literally accurate, for he spoke of the fragmentation of individual nuclei and not of 'atomic' or 'hydrogen' bombs. His last contribution to the professional literature of physics, published in 1951, was a study of the cascade production of cosmic ray stars.
M aster sh ip of C o r pu s C h r is t i C ollege
In 1952, Thomson returned to Cambridge as Master of Corpus Christi, the College of which he had been a young Fellow. There were many developments during the ten years of his mastership, including the restoration of Old Court and major repairs to New Court, but the one by which he will be most remem bered is the postgraduate campus at Leckhampton House.
The suggestion originated with the Tutor, Mr Michael McCrum, and when Thomson arrived the College had made modest provision for research students in the nearby Fanshawe House. The task was to establish a community com parable in size to the College as he had first known it, though substantially smaller than the College of the 1950s, to give it appropriate links with the parent College, and of course to get the money and the necessary building. Thomson took up the project enthusiastically but with great thoroughness; its critical stages came near the close of his mastership. With its warden (H. C. LonguetHiggins, F.R.S.) appointed, and the original house occupied by two Fellows and seven students, Leckhampton was firmly established in the academic sense in 1961, when suitable changes were made to the statutes and the College elected eleven more Fellows, all of them university teaching officers. A few days before he retired from the mastership in the summer of 1962, the Governing Body approved plans for the new building which now bears Thomson's name.
He had taken a keen and highly knowledgeable interest in College finance and had been a firm if occasionally impatient chairman of meetings. His own views on most matters were strongly held, but he was always open to logical argument, never bearing the least grudge against anyone with whom he had disagreed and being a thoroughly good loser if defeated.
R e tir em en t a n d e ig h t ie t h b ir t h d a y
Relinquishing the mastership in 1962, Sir George had eleven years of retire ment in Cambridge. He long remained physically and mentally active, keeping in good touch with both of his Colleges and with many friends, and strong family ties contributed much to his contentment. His eightieth birthday was marked by a printed collection of messages and photographs assembled by his younger daughter, Rose Bell; the contributors ranged from friends of about his own age to several of his grandchildren, and those from his sons are of special interest.
The younger son, David Paget Thomson, a merchant banker, has recollections of his father's views on the relative values of academic subjects: approval of Rutherford's saying that science is physics, chemistry and stamp collecting and 'As for English you were withering-something for your pleasure of course -and your wide range of literature bore this out-but inadequate as an educative discipline.'
A few sentences from the elder son, John Adam Thomson, now High Com missioner at New Delhi, express perfectly and from the closest possible know ledge G. P.'s ways of debating with other people and of dealing with his own tasks. On the technique of argument, two characteristics are singled out:
'The first is the economy with which the points are made. Secondly, he does not press for unconditional surrender. Just when he seems on the point of complete victory he offers a tie and a line of retreat is left open. This is a winning tactic in more senses than one.'
As to method of work, 'If there is anything to be done he gets on with it at once and since the order of importance of the considerations involved is quite clear to him he has no difficulty in making up his mind. His ability to take decisions quickly and to act on them stamps him as a practical man.'
It was this practical sense, combined with courage and a knack of catching the tide of events, that enabled George Thomson to use his abilities and opportuni ties so fully.
S ocial interests
Thomson's social talents, particularly as a host, had their greatest scope at Corpus. He genuinely liked young people and entertained undergraduates in parties of four, the number he reckoned to be best for good conversation with them. In ones or twos, they might have felt dinner with the Master to involve a sort of tutorial scrutiny, and he would never undermine the position of any College officer; greater numbers could easily leave some on or beyond the fringe of the talk. Human nature, however, defied even such nice judgement and Thomson afterwards wrote:
'There was always one man who talked a lot, one who was silent, needing to be encouraged to take his part, and two moderates. . . . The statistics were good, about 160 dinners in all. This, therefore, cannot be a chance effect and must be the property of a group of four young men!' With senior members of the College and with guests he was really in his element, working hard to engage with anyone who needed to be put at ease, and thoroughly enjoying the company of those who could match his own wide knowledge and forthright talk. As was said in the Memorial Address in Great St Mary's, Cambridge, by his friend and colleague McCrum:
'Although he claimed to be more interested in things than in people, his ability to correlate diverse facts, his well-stored practical memory, his wide-ranging, inquisitive mind combined with an insatiable zest for argument to make his table talk fascinating. Ideas unless concrete did not stimulate him, so that he rarely became engaged in discussions of abstract issues. Likewise his enthusiasm for the practical rather than the political meant that he talked far less about national or university politics than about the latest developments in science, medical controversies, military tactics, or man's inventions down the ages and their impact on civilisation. He would range happily from the discovery of the stirrup or the tactics of the Battle of Trafalgar or Waterloo to the ethics of euthanasia or medical engineering, but had comparatively little taste for music, poetry, or philosophy.' As Professor T. E. Allibone recalls in his history of the Royal Society Dining Clubs, Thomson was equally entertaining among fellow scientists.
His first appearance at the Club, as Captain G. P. Thomson, was on 30 November 1918; another guest that evening was Major W. L. Bragg. After his election to the Royal Society he became a club member in his own right and as years went on, his seniority would sometimes call him to preside. He combined urbanity with authority; conversation was meant to be heard and had to be addressed to the Chair, where he was a good listener as well as a lively talker. He greatly enjoyed the Society's conversaziones which he attended until he was at least 80 years old, often with Lady (Suzi) Jeans, the distinguished organist, widow of Sir James Jeans and herself a keen observer of life and a good talker.
Yet he would doubtless have remembered more fondly the social life of earlier years at Aberdeen and at Imperial College, when he and Kathleen Thomson invited members of his departments to their home. Her grace and kindness, his warmth and his courtesy, old-fashioned in the best sense of the word, are certainly unforgettable. On a still smaller scale, he would take one or another of his young men sailing and give him not only the obvious enjoyment of outdoor activity but the real education of talk in the evening about physics and physicists.
S a il in g
Model ships and real small ones, as has been mentioned earlier, were his great hobby. Though he had earlier been afloat with W. L. Bragg, his own first boat was bought while he was in Aberdeen, where one trip with his young wife came near to disaster. They went aground on a sandbank in bad weather near the mouth of the Don and he had to lash her to the mast. Rescued by local fishermen, the Thomsons characteristically invited them to a 'thank-you' party at home. When at Imperial College, he sailed Mignon from the (Suffolk) Stour and Herling from Folkestone. The news of the Hiroshima bomb reached him when he came ashore after sailing with his son David in Christchurch Harbour.
It was not until 1949 that his seafaring ended, but the models remained a great pleasure to him, with one of the best adorning his dining-table in Cam bridge. He regularly sent nautical Christmas cards to his friends; some were by older artists including standard classics, others modern, but all combined beauty with realism.
W r it in g s a n d lectures
Thomson's first book, Applied aerodynamics (Hodder & Stoughton, 1919) , was written when he was 27. It is still well worth reading. It is a substantial work, with nearly 150 diagrams and graphs; it gathers together the theoretical and practical knowledge of aircraft design then available at Farnborough and to the Aircraft Manufacturing Company, except for mechanical engineering aspects. His personal contributions to that knowledge, though not identified in the book, were certainly substantial; some are to be found in the essay for which the University of Cambridge awarded him a Smith Prize in 1916.
The chapter on physical theory starts with the statement that 'In spite of the enormous amount of work which has been done in aero dynamics and the allied science of hydrodynamics there is no satisfactory mathematical theory by which the forces on even the simplest bodies can be calculated with accuracy.. . . The only theoretical basis generally recognized at present is supplied by the theory of dimensions.'
Yet by a combination of dynamical equations and numerical calculation with the skilful use of test data, later chapters give accounts of the stability of aircraft and of their general controllability that are satisfying to the physicist while fulfilling the purpose of the book as a guide to the practical designer. In the preface written by the Superintendent of the Royal Aircraft Factory under whom he served, Captain Thomson is described as an engineer as well as a flier who was engaged personally in sifting the information and in developing some of it by crucial experiments in the air. As a contributor to the science and art of flying, he deserves to be remembered in the company of Lindemann and of Tizard, who encouraged him to write the book. It marks the stage at which the pen became mightier than the joystick. Sir George collaborated with his father, Sir Joseph Thomson, in the third edition of the famous Conduction of electricity through gases and, as already mentioned, wrote jointly with one of his Imperial College staff, William Coch rane, an authoritative account of his own and others' work in Theory and practice of electron diffraction. This was another clear and informative textbook but, since electron diffraction did not later flourish as did aircraft design, is not comparable in importance with Thomson's first book.
He was a splendid writer on 'popular' and on general scientific matters, with two books that ran through many editions. The first, called simply The , was in the Home University Library, first published in 1930 . There have been many books of this sort, but his is certainly one of the best for readers with just a little scientific knowledge, starting as it does from clearly explained facts of chemistry and going through to more sophisticated matters such as Eddington's interpretation of the remarkable pure number, 137, which connects Planck's constant, the velocity of light and the elementary unit of charge. Interested in philosophical problems when natural science bears upon them, Thomson ends with a discussion of the relation between the uncertainty principle and the idea of free will. His final words are, 'It is a remarkable instance of the unity of thought that a study apparently so remote from human emotion as atomic physics should have so much to say on one of the great problems of the soul.'
A more distinctive and a highly interesting book is The foreseeable future (Cambridge, 1955) , in which Thomson used his broad knowledge of science and his practical experience of people and affairs to comment on possible develop ments over a very wide range, from heat pumps for house warming to the (conceivably indefinite) prolongation of individual human life. Most of these possibilities, most likely all of them, had already been discussed at professional level so, to a physical and perhaps to a biological scientist, their collection is of less importance than it might be to a general reader. For a biographer of George Thomson, the main interest lies in his excursions into non-professional philoso phy and sociology-where again he may have been anticipated by others. He was wise enough to end with the statement that the future is not foreseeable.
Other published works include a delightful account of J. J. Thomson and the Cavendish Laboratory (Nelson, 1964) and The inspiration of science (Oxford, 1961), but G. P.'s most numerous writings, apart from purely scientific papers and reviews, are brief articles, pamphlets and texts of speeches. Some of these are in the 'practical foreseeable future' class, such as articles in the Financial Times and the Stock Exchange Gazette (J. J. Thomson was a successful but cautious investor and one can perhaps see family background appearing here). Most are concerned with 'good causes', closely related to science and its consequences for the world.
For example, as the President of the Society for Freedom in Science, Thomson was ready to speak and to provide a text for record or publication, with pungent phrases such as 'planning is an insidious disease'. He was glad to give his views on the relation of physics to technology, and particularly on how scientists and technologists should be educated, to audiences as various as the British Associa tion (1956) and a local gathering at Peterborough (1957). He was a VicePresident and a strong supporter of the Atomic Scientists' Association that existed to give factual information to the British public about nuclear power as well as 'atomic' bombs, and he wrote for the American association on which it had been modelled.
When the British A.S.A. was dissolved in 1957, many other sources of public information were available, but a number of its members joined the British Pugwash Group, the first of the Pugwash Conferences on Science and World Affairs having been held in the same year. Professor J. Rotblat has provided the following account which gives a good sidelight on G. P.'s views of the place of scientists in public debates.
'When his views on Pugwash were first canvassed (in December 1957) he was somewhat sceptical about its value; he felt that scientists should speak up on public matters, when they can inform the public, e.g. on fall-out from nuclear tests, but they should not try to influence things of which they have no special knowledge. Despite this cautious approach he accepted an invitation to attend the Pugwash Conference in September 1958 in Kitzbiihel and Vienna. He became a member of an ad hoc committee of that Conference to draft a programme of future activities. This committee recommended: "That further conferences should be held to discuss specific concrete problems, but that the gatherings be kept unofficial and informal. The meetings themselves were as important as the subjects of the meetings . . . but the efforts should be concentrated on topics which are directly related to the easing of international tensions, the establishment of systems of mutual security, the elimination of war as an instrument of national policy, nuclear control and disarmament, and the role of the scientists in creating a peaceful and abundant world." ' He maintained an interest in the Pugwash Conferences for many years, attending a number of meetings between 1958 and 1962, and after that reading and occasionally commenting on the papers that were circulated among the membership; yet he was not sufficiently impressed to want to serve on the organizing committee.
G. P. was much in demand as a lecturer and biographer on science and scientists. He wrote no less than five biographical memoirs of Fellows of the Royal Society.* Among the more substantial lectures were the Cherwell-Simon Lecture at Oxford in 1960, the Physical Society's Guthrie Lecture in 1948, the Poynting Lecture at Birmingham in 1952 and the Fawley Lecture at South ampton in 1957. His texts were always well prepared, ready for printing if the sponsors wished, and the lectures themselves were given with gusto. At the Royal Institution he was a familiar figure at the lecture bench as well as in the audience. 
